Introduction
The fibrin clot is a branched protein polymer that provides the 3D scaffold for a thrombus in vertebrates. Fibrin is formed from a soluble precursor, fibrinogen, upon the action of thrombin, a blood enzyme. Thrombin normally cleaves four relatively small peptides from fibrinogen producing fibrin monomers capable of spontaneous selfassembly into two-stranded oligomeric structures called protofibrils. Once the protofibrils reach a critical size (about 10 nm thick and 600-800 nm in length), they aggregate laterally to form fibers, often 80-120 nm in diameter, which are organized into the branched network called a fibrin clot [1] [2] [3] .
Fibrinogen is a plasma protein composed of three pairs of polypeptides designated Aα-, Bβ-, and γ-chains, folded into one central and two distal globules connected via two coiled-coil strands (Fig. 1A) . Proteolytic cleavage of the fibrinogen molecule in the middle of the coiled-coil can yield one fragment E and two fragments D corresponding to the E and D regions, respectively. Each D region contains two modules formed by the Ctermini of the γ-chain (γ-module) and Bβ-chain (β-module). The γ-module contains a cavity 4 , the γ-chain hole or hole 'a', which plays an important role in fibrin polymerization. The β-module also has a cavity 5 , the β-chain hole or hole 'b', that may also participate in fibrin polymerization 3, 6 .
The self-assembly of fibrin monomers into a fibrin clot requires the exposure by thrombin action of new polymerization sites that are masked in fibrinogen. Thrombin initially cleaves the Arg16-Gly17 bond in the Aα-chains of human fibrinogen, releasing fibrinopeptide A (FpA). The cleavage leads to exposure of the N-terminal sequence Gly17-Pro18-Arg19 in the fibrin α-chains (i.e., fibrinogen Aα-chains without the FpA),
For personal use only. on . by guest www.bloodjournal.org From 4 which is called the knob 'A' (Fig. 1B ) 7 . The knobs 'A' are complementary to the holes 'a' located in the γ-modules of another fibrin molecule and their interaction is termed A:a binding. The cleavage of FpA and exposure of the knobs 'A', making desA-fibrin, is necessary and sufficient to form fibrin clots. The fibrin holes 'a' are also necessary for clot formation; if they are blocked by the knob 'A' mimetic Gly-Pro-Arg-Pro (GPRP) peptide 8 or impaired by a point mutation of residue γAsp364 9 , thrombin-induced fibrin polymerization is prevented. Together these data suggest that A:a interactions are the driving force of fibrin polymerization and clot formation. Recently, using laser tweezersbased force spectroscopy, we observed the interactions between the knobs 'A' and the holes 'a' at the single-molecule level and found the A:a bonds to be quite strong and stable 10 . The laser tweezers technique that enables quantification of individual knob-hole interactions is based on ability of the optical system to measure the binding strength of two surface-bound protein molecules 11, 12 .
The knob 'B' becomes exposed after thrombin cleaves the Arg14-Gly15 bond in the Bβ-chain followed by release of fibrinopeptide B (FpB). The sequence of the newly exposed N-terminal motif in the remaining β-chain is Gly15-His16-Arg17-Pro18, which is considered the working part of the knob 'B'. Importantly, thrombin cleavage of FpB is much slower than FpA so that most, if not all, of the FpB removal and exposure of the knobs 'B' occurs after fibrin polymers have already formed 13, 14 . Consistent with this, the Gly-His-Arg-Pro (GHRP) peptide, a knob 'B' mimetic, does not prevent fibrin clot formation 15 , suggesting that knob 'B'-mediated interactions are not necessary for protofibril formation or for their lateral aggregation. On the other hand, the surmise about the existence of B:b interactions and their importance for lateral aggregation is based on a
For personal use only. on . by guest www.bloodjournal.org From great deal of indirect, but consistent, data that can be roughly segregated into three groups: (i) differences in clot formation dynamics and structure following selective release of FpA or FpB [16] [17] [18] [19] [20] [21] [22] [23] ; (ii) binding of GHRP or its derivatives to fibrin(ogen) and their fragments as well as effects of the peptide(s) on fibrin formation 8, 15, [24] [25] [26] [27] [28] [29] ; (iii) consequences of naturally occurring or recombinant mutations of B-knobs or b-holes for fibrinogen conversion to fibrin [30] [31] [32] . Perhaps the most significant, although not absolute, argument in favor of the occurrence of B:b and/or other knob 'B'-mediated interactions during fibrin polymerization is the formation of clots, at 15°C or lower, from desB- 20, 33, 39 .
Notwithstanding the evidence that the interactions mediated by knob 'B' and hole 'b' contribute to fibrin polymerization, no experimental approach has directly shown the existence of B:b knob-hole interactions using protein molecules, rather than mimetic peptides. In our preceding work we were also unable to detect the B:b, B:a, or A:b binding in the presence of strong dominant A:a interactions 10 . In this study, for the first time direct evidence is provided for binding between holes 'b' and natural knobs 'A' or 'B' exposed in a fibrin monomer. The B:b and A:b bonds were found to be much weaker than the A:a bonds suggesting that the holes 'b' are involved in subsidiary knob-hole binding reactions that reinforce fibrin polymerization.
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Materials and Methods

Expression and purification of fibrinogens
Two recombinant fibrinogens, normal and variant γD364H, were used in this study as the precursors of D fragments. Fibrinogen γD364H cannot form fibrin upon thrombin action because of an impaired site 'a' that prevents A:a interactions (Fig. 1D) 
9
.
Both fibrinogens were expressed and purified as previously described 9, 40, 41 . Fibrinogen
Frankfurt XIII (homodimeric AαR16C) whose FpA is not releasable by thrombin was isolated from citrated patient's plasma and characterized as described 38 .
Preparation of D fragments from normal and γD364H fibrinogens
Fragment D from normal fibrinogen was purified as previously described 42 . A trypsin digestion of γD364H was carried out similarly to that of normal fibrinogen.
Digestion was stopped by filtration through a 0.22 µm filter (Costar, Corning, NY) and the fibrinogen fragments were purified on a 2-ml NH 2 -GPRPAA affinity column (15 mm diameter). Briefly, D-γD364H digest was diluted two times with water and loaded at 0. 
Expression and preparation of the recombinant fibrin (β15-66) 2 fragment
The recombinant (Bβ1-66) 2 fragment mimicking the dimeric arrangement of the Bβ-chain in fibrinogen, which forms two BβN-domains, was produced in E. coli and
For personal use only. on . by guest www.bloodjournal.org From purified as described elsewhere 43 . To produce the activated (β15-66) 2 fragment, corresponding to fibrin βN-domain with two exposed knobs 'B' (Fig. 1, H) , (Bβ1-66) 2 was treated with thrombin and then purified as described earlier 43 .
Purification of fibrin DD fragment
The DD fragment ( Fig. 1G) Surfaces coated with the interacting proteins were prepared as described previously 10, 44 , with some important modifications. DesB-fibrin (Fig. 1C) fibrin-coated pedestals, the immobilized fibrinogen AαR16C was treated with human thrombin (1 U/ml, 37°C, 1 hr), followed by washing of the chambers with 20 volumes of cold (4°C) 100 mM HEPES pH 7.4 containing 150 mM NaCl, 3 mM CaCl 2 , 2 mg/ml BSA, and 0.1% (v/v) Triton X-100 about 30 min before the measurements (working buffer). To form desA-fibrin-coated pedestals (Fig. 1B) , normal recombinant fibrinogen was first immobilized as described above for fibrinogen Frankfurt XIII and then treated with batroxobin (Batroxobin moojeni) (1 BU/ml, 37°C, 1 hr), after which the chamber was washed with 20 volumes of working buffer. It is noteworthy that 1 unit of batroxobin activity (BU) was defined as the enzyme concentration yielding the same FpA release rate as that obtained with 1 unit of thrombin activity (U). The (β15-66) 2 fragment with two knobs 'B' was immobilized on the activated pedestals similar to fibrinogen from 1 mg/ml solution as described above. For personal use only. on September 24, 2017. by guest www.bloodjournal.org From nonetheless, the fraction of reactive molecules that have a conformation and orientation compatible with binding was indeterminate.
Coating surfaces with the fragment D
The model system to study knob-hole interactions
We used a laser tweezers-based model system to study interactions between two surface-bound proteins 10, 12, 44 . A laser tweezers or gradient optical trap is formed by focusing a laser beam with a microscope objective to a spot in the specimen plane 45 . This system permits the measurement of discrete rupture forces produced by surface-bound molecular pairs during repeated intermittent contact 12, 44 . produce signals that appeared as forces below 10 pN. Accordingly, rupture forces in this range were not considered when the data were analyzed. The rupture force histograms were fit with multimodal Gaussian curves using Origin 7.5 ® (OriginLab Corp., Northampton, MA) to determine the position of a peak that corresponds to the most probable rupture force and the area of each peak that reflects cumulative binding probability for the underlying interactions 12 .
Results
Comparison of A:a and B:b interactions
The basic model system to study the B:b interactions consisted of two surfaces, one coated with desB-fibrin from homodimeric dysfibrinogen Frankfurt XIII with the mutation AαR16C that precluded release of FpA 38 and the other with fragment D from fibrinogen γD364H
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. DesB-fibrin had only knobs 'B' exposed ( Fig. 1C) and fragment D-γD364H had only functional holes 'b' (Fig. 1F) . Therefore, for this system B:b was the only possible knob-hole interaction. The surfaces coated with thrombin-treated fibrinogen AαR16C (desB-fibrin monomer) reacted readily with the surfaces coated with fragment D-γD364H. The forces required to dissociate desB-fibrin from D-γD364H-coated surfaces ( Fig. 2A and 2B ) were very different from those required to dissociate desAfibrin from fibrinogen-coated surfaces ( Fig. 2C and 2D ), associations due primarily to A:a interactions 10 . These differences were readily quantified in histograms compiled of the rupture forces or force spectra (Fig. 3) . First, the forces required to rupture the bonds between desB-fibrin and D-γD364H were mostly small with the majority below 30 pN; second, the forces were variable, ranging from 10 to 80 pN ( Fig. 2A and 3A) ; and third, a substantial fraction (up to 20%) of the detachments appeared to occur as stepwise events (Fig. 2B) indicative of the dissociation of multiple intermolecular bonds 12 . In comparison, as previously found, the rupture forces of desA-fibrin:fibrinogen bonds were larger, at ~125 pN, relatively homogeneous in magnitude (Fig. 2C ) and the detachments occurred primarily in single steps (Fig. 2D ) 10 . Although the obvious stepwise detachments were excluded from the compiled force spectra, many of the multiple-molecule binding/unbinding events could not be resolved and, therefore contributed to the force For personal use only. on September 24, 2017. by guest www.bloodjournal.org From spectra. To distinguish between single and multiple interactions, we fitted the force histograms with three empirically determined Gaussian curves (dashed lines in Fig. 3) using Origin 7.5 ® software. As expected for multiple, identical interactions, the fitting analysis revealed that the centroids of the peaks were roughly quantized at 17±4 pN, 33±8 pN, 55±14 pN. The area under each of the three curves corresponds to the probability that a surface contact leads to one, two or three pairs of bound molecules respectively ( Table 1 ). The cumulative probability (all events with rupture forces >10 pN) and the relative probabilities for forming single or multiple bonds computed from this fit are given in the Table 1 
Interactions between knobs 'B' and holes 'b'
To prove specificity of observed B:b interactions, the rupture force measurement was repeated in the presence of increasing amounts of the GHRPam peptide, a knob 'B' mimetic ( Fig. 3B-D) , or GPRPam peptide, a knob 'A' mimetic 8, 15, 46, 47 . The cumulative probability of interactions with rupture forces >10 pN decreased monotonically with increasing GHRPam (Table 1) . At 5 mM GHRPam the probability dropped to 34.5±5.5%, and at 10 mM the cumulative probability decreased about 10-fold to 7.2±1.3% (Table 1 ). The inhibitory effect of the GHRPam peptide was reversible inasmuch as the rupture force profile (Fig. 3F ) was restored to the original profile after the peptide was removed as was the cumulative binding probability (Table 1) . For comparison, 10 mM GPRPam peptide had a much smaller effect than the same molar (Fig. 3G ) and cumulative binding probability (Table 1) Although the inhibitory effect of GHRPam on the overall probability of interactions between desB-fibrin and D-γD364H was dose-dependent, different components of the force spectrum had different susceptibility to the inhibitor. As inferred from the slopes in Fig. 3E , the stronger interactions were more sensitive to the effect of GHRPam and disappeared earlier than the weaker ones suggesting that the strong forces reflect multiple rather than single-molecule binding events.
Interactions between knobs 'B' and holes 'a'
To further probe the knob 'B' interactions, the force spectrum for desB-fibrin and fragment D from normal fibrinogen (Fig. 1E) or D-dimer obtained from cross-linked normal fibrin (Fig. 1G) was measured. The rupture force profiles of the interaction of desB-fibrin with fragment D (Fig. 4A ) and with D-dimer ( To test this hypothesis further, several "competitive" inhibition experiments were performed. To inhibit B:b interactions of desB-fibrin with fragment D, the knob 'B' was blocked with 100 µg/ml mAb T2G1 48, 49 , an antibody against the β15-21 portion of fibrin comprising the B-knob (Fig. 4D) , and the hole 'b' was blocked with either 10 mM (Fig. 4E ) or 37 µM (400 µg/ml) recombinant (β15-66) 2 fragment (Fig. 1H) comprising the fibrin βN-domain with two knobs 'B' (Fig. 4F) . The force spectra and cumulative probability for interactions (Table 1) in all three cases were nearly fully suppressed. To block B:a interactions specifically, the 2 mM GPRPam peptide was added, but it caused no changes in the force distribution (Fig. 4B) or the cumulative probability ( Table 1) . These data together suggest that there is no contribution of B:a interactions to fibrin binding.
To reduce the possibility that desB-fibrin:fragment D binding is due to portions of the fibrin molecule other than the knob 'B', the interactions of (β15-66) 2 (Fig. 1H ) with fragment D (Fig. 1E) were measured. Based on the observed ability of the (β15-66) 2 fragment to compete with desB-fibrin for the holes 'b' (Fig. 4F) , (β15-66) 2 was expected to bind like a functional fibrin βN-domain containing the knobs 'B'. Accordingly, the rupture force spectrum for (β15-66) 2 and fragment D had three peaks at 15±1 pN, 31±4 pN, 52±10 pN (Fig. 5A) , similar to the force profile obtained for desB-fibrin and fragment D (Fig. 4A) . The interaction of (β15-66) 2 with fragment D was insensitive to GPRPam ( Fig. 5B) and highly sensitive to GHRPam (Fig. 5C ), the latter effect being reversible (Fig. 5D) . Thus, the B:b interactions had the same characteristics irrespective of whether the knob 'B' was a part of a fibrin molecule or recombinant isolated βN-domain.
Interactions between knobs 'A' and holes 'b'
The strength of A:b interactions were measured using desA-fibrin as the source of knobs 'A' and fragment D-γD364H as the source of holes 'b'. The desA-fibrin readily interacted with the D-γD364H, producing a broad rupture force spectrum up to 75 pN, For personal use only. on September 24, 2017. by guest www.bloodjournal.org From which could be fit with three partially overlapping Gaussian curves peaking at 11±6 pN, 35±8 pN, 57±5 pN (Fig. 6A) , quite similar to the force profile obtained for the B:b interactions. The interactions were almost completely abrogated by GHRPam (Fig. 6B) suggesting that they were mediated by the holes 'b' and, therefore represent the A:b binding pair.
Discussion
It has been proposed that fibrin polymerization is mediated by the interactions of The lack of A:a interactions at these interfaces was confirmed by the absence of strong rupture forces >100 pN, which were typical for the A:a pairs (Fig. 2 ) 10 , and the incapacity of GPRPam, the hole 'a' blocker, to abrogate interactions between desB-fibrin and
For personal use only. on September 24, 2017. by guest www.bloodjournal.org From fragment D (Fig. 4B) . With the A:a bonding suppressed, we found that fibrin fragments could interact through B:b and A:b but not B:a bonds.
The results indicate that the holes 'a', when they are exposed, do not bind to knobs 'B'. First, no difference was observed in rupture force profiles when desB-fibrin interacted with either D-γD364H or fragment D (Fig. 3A and 4A) , i.e., in the absence or presence of holes 'a'. Second, the interactions between desB-fibrin (Fig. 4B) and (β15-66) 2 (Fig. 5B) (Fig. 3D and Fig. 4E) For personal use only. on September 24, 2017. by guest www.bloodjournal.org From indicates that the binding is specifically mediated by the holes 'b', which are known to be occupied by the peptide selectively 25, 26 . The participation of the knobs 'B' in the observed interactions is substantiated, first, by the inhibitory effect of the mAb against the knob 'B'-containing portion of the β-chain 15-21 ( Fig. 4D ) and, second, by competitive inhibition in the presence of free (β15-66) 2 (Fig. 4F ) containing two knobs 'B'. In addition, the rupture force spectrum of the surface-bound (β15-66) 2 with the fragment D (Fig. 5A) was the same as that of the desB-fibrin (Fig. 4A ) and was equally sensitive to the inhibitory action of the GHRPam peptide ( would be predicted if they represent multiples of the bimolecular interactions 52 . Second, when the single-molecule binding probability is about 50%, the double molecule interactions are statistically expected to occur in 25% (0.5 2 ) of the binding events, and the probability of triple interactions is 12.5% (0. 5 3 ), which approximately corresponds to most of the experimentally observed peak areas (Table 1) . Third, the stronger forces are more susceptible to the inhibitory effect of the GHRPam (Fig. 3E) , which is consistent with the assumption that the stronger forces reflect multiple interactions and, therefore, disappear first of all. Fourth, the high incidence of multiple intermolecular interactions is
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confirmed by the relatively common occurrence (up to 20%) of stepwise detachment (Fig. 2D) of the interacting surfaces. Based on these considerations, the binding strength of the individual B:b interactions represented by the weakest peaks in the force spectra is estimated to be about 15-20 pN. Since the experimental conditions were the same as those used to study the A:a interactions (125-130 pN) 10 , the B:b bonds seem to be about 6-8-fold weaker than the A:a, which is remarkably consistent with the estimation that α-fibrin binding to other fibrin molecules is 6.25-fold tighter than that of β-fibrin 53 .
We . The second mechanism presumes conformational rearrangement of the β-module, similar to the changes induced by the GHRPam binding 26 , followed by increase of the affinity of the hole 'b' to the knob 'B'. In order to re-test these possibilities, the desB-fibrin was exposed to the D-dimer (Fig. 4C) . However, neither the strength nor the binding probability of the interactions between desB-fibrin and fragment DD were (Fig. 7A,B) . Alternatively, the B:b binding may occur within protofibrils (Fig. 7C) promoting their lateral aggregation indirectly by a number of secondary mechanisms. First, the FpB cleavage has been shown to cause exposure of αC-domains so that they can enhance lateral aggregation via αC-αC bridges [57] [58] [59] ; second, B:b binding may induce protrusion of β-modules and formation of contacts between the β-modules belonging to different protofibrils 7 ; third, lateral aggregation may be accelerated kinetically through stabilization of protofibrils by formation of the B:b bonds in addition to A:a 19, 60 . Whatever the mechanism, it is important to know that intermolecular B:b interactions really can exist, although their physiological significance and the mechanisms during fibrin polymerization remain to be established. extraction of the A:a interactions appearing as strong homogeneous signals determined using laser tweezers and described in detail elsewhere 10 . 
